An 18 month investigation of the environmental impacts of the Tennessee Valley Authority (TVA) coal ash spill in Kingston, Tennessee combined with leaching experiments on the spilled TVA coal ash have revealed that leachable coal ash contaminants (LCACs), particularly arsenic, selenium, boron, strontium, and barium, have different effects on the quality of impacted environments. While LCACs levels in the downstream river water are relatively low and below the EPA drinking water and ecological thresholds, elevated levels were found in surface water with restricted water exchange and in pore water extracted from the river sediments downstream from the spill. The high concentration of arsenic (up to 2000 µg/L) is associated with some degree of anoxic conditions and predominance of the reduced arsenic species (arsenite) in the pore waters. Laboratory leaching simulations show that the pH and ash/water ratio control the LCACs' abundance and geochemical composition of the impacted water. These results have important implications for the prediction of the fate and migration of LCACs in the environment, particularly for the storage of coal combustion residues (CCRs) in holding ponds and landfills, and any potential CCRs effluents leakage into lakes, rivers, and other aquatic systems.
Introduction
On December 22, 2008 , the Kingston coal-fired power plant of Tennessee Valley Authority (TVA) had a containment structure rupture, spilling over 3.7 million cubic meters of wet coal ash (fly ash with intermixed bottom ash), inundating the Emory River, its tributaries, and the adjacent landscape near Harriman, TN (1). The wet coal ash spilled into the Emory River, which joins the Clinch River, and then converges with the Tennessee River (Figure 1 ), a major drinking water source for populations downstream (2) . Previous investigation has shown that the concentration of some leachable coal ash contaminants (LCACs) such as boron, arsenic, strontium, and barium increased slightly downstream of the spill relative to the upstream river concentrations, but remained below the EPA's maximum contaminant level (MCL) (3) and the continuous criterion concentration (CCC) (4) for aquatic life. However, areas of restricted water exchange (i.e., the "cove"; Figure 1 ), where water remained stagnant and in direct contact with coal combustion residues (CCRs), had high levels of LCACs (2) .
The high concentrations of LCACs in CCRs (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) and their enhanced mobility in aquatic systems (16) (17) (18) are the key factors for evaluating potential risks of CCRs to the environment. The TVA spill has provided a unique opportunity to examine these effects on a regional field scale, beyond laboratory leaching tests (1, (19) (20) (21) (22) (23) . The objectives of this study are (1) to provide a systematic 18-month monitoring survey of the environmental impacts following the TVA coal ash spill in Kingston, Tennessee; (2) to examine the composition of major constituents and trace metals in water samples from different sites associated with the ash spill, including upstream and downstream river waters, tributary waters, and porewater extracted from the river sediments; (3) to conduct laboratory leaching experiments on the TVA coal ash for evaluating the factors that control LCACs composition and mobilization; (4) to examine the possible river quality impacts upon dredging of the ash from the rivers, which was part of the major remediation plan by TVA (1); and (5) to evaluate the impact of redox conditions that prevail in river sediments on the reactivity of coal ash in the environment, particularly for arsenic mobilization and species distribution.
Analytical Methods. Twelve field trips were made to the spill site between January 2009 and June 2010 with over 220 surface and porewater samples collected during high (winter) and low (summer-fall) river flow regimes ( Figure 2 ). Water sampling strictly followed U.S. Geological Survey (USGS) protocols (24) ; after filtration of samples in the field (0.45 µm syringe filters), trace elements were measured by inductively coupled plasma mass spectrometry (ICP-MS), major elements by direct current plasma optical emission spectrometry (DCP-OES), and anions by ion chromatography (IC). Pore waters were extracted from river bottom sediments obtained using a Wildco box core (up to 25 cm depth) and VibeCore (up to 182 cm depth). Inorganic arsenic species were measured using the Bednar method (25) in which the uncharged arsenic species As III was separated from porewater and preserved in the field. Acid volatile sulfide (AVS) (26, 27) was quantified in whole sediment samples from the box core. Laboratoryleaching experiments were conducted on a bulk coal ash sample that was collected from the Cove area (Figure 1 ) soon after the spill. Leaching experiments were simulated reactions of the spilled TVA ash (Figure 1 ) with solutions exhibiting a wide range of acidity (pH of 0. [4] [5] [6] [7] [8] [9] [10] [11] [12] and ash/water ratios (1 × 10 -5 to 3.5 × 10 -3 ).
Results and Discussion
Laboratory TVA Coal Ash Leaching. Two types of leaching experiments on the TVA coal ash were conducted: (1) leaching under different pH conditions; and (2) reaction with deionized water and an upstream Emory River water under different ash/water ratios (referred to as total suspended solids, TSS). Leaching simulations under a wide range of pH conditions resulted in differential LCAC leaching. As, B, Sr, and Se showed maximum dissolved concentrations in leachates under extreme acidic (pH 0.4 to 1.7) conditions. As and Se, and to much lesser extent B, reached minimum concentrations at pH values between 4.5 and 7, and then increased in leachate concentration at pH 12. Sr and Ca showed progressively lower concentrations in leachates with increasing pH. These results are consistent with previous laboratory leaching experiments (19-23, 29, 30) . The differential LCACs mobilization generated large variations in the contaminants' ratios (e.g., As/B, Se/As; Figure 3 ). The second type of experiments showed that the TVA ash had low buffering capacity. The reaction of the ash with an upstream Emory river sample did not change the pH of the effluents, even at high ash/water ratios (Figure 3 ). This nonalkaline characteristic of the TVA coal ash is different from other CCRs reported elsewhere (19) (20) (21) (22) (23) . Sensitivity tests for tracing LCACs upon reacting TVA ash with deionized water and upstream river water showed that As, Sr, Ba, and to a lesser extent B were traceable even at low solid/water conditions. This result also reflects the sensitivity of the analytical method. The concentrations of these elements were linearly correlated with ash/water ratios up to 1 × 10 -3 (TSS ) 1000 mg/L). For As, the empirical linear slopes for the variations of As concentrations with TSS (at range < 1000 mg/L) were 4 × 10 -3 and 1 × 10 -2 µg As per mg TSS for river water and deionized water, respectively (Figure 3) . The results also show that As concentrations above the MCL of 10 µg/L could be obtained above TSS values of 3000 and 1000 mg/L for river water and deionized water, respectively ( Figure 3) .
Surface Water. A small tributary that was dammed by the ash spill, creating a standing pond (the "Cove"; Figure 1 ), initially had relatively high concentrations of LCACs above the background levels measured in the upstream Emory and Clinch Rivers (Table 1) (2) . During the physical removal of the ash, while inflowing water was temporally diverted around the Cove area, the concentration of LCACs decreased (e.g., As 86 µg/L in February 2009 to 5 µg/L in November 2009). The concentrations of LCACs in the downstream river were significantly lower than those found in the Cove (Table 1) , but nonetheless higher than levels in the upstream Emory and Clinch Rivers for each sampling date. During the 18-month survey, the As concentrations measured in the downstream river sites were all below the EPA's MCL and CCC thresholds ( Figure 2 ).
The spatial and temporal distributions of As concentrations in the river surface water ( Sediment Acid Volatile Sulfide (AVS). AVS was detected in the surface bottom river sediments (composite of the top 20-25 cm) in all sites, with concentrations ranging from 0.02 µmol g -1 to 1.5 µmol g -1 (dry weight basis). No seasonal or spatial trends were observed over the course of sampling.
Pore Water. The huge quantity of released ash inundated many parts of the river and was found at significant distances upstream and downstream of the spill. The spill occurred at approximately Emory River mile 2.5 (ERM 2.5), and following redistribution by subsequent rain events, TVA investigations indicated the extent of ash from ERM 0.0 up to about ERM 6 (9.6 km), from Clinch River mile (CRM) 0.0 to about CRM 5 (8 km), and from Tennessee River Mile (TRM) 561.8 to TRM 568.7 with traces extending about 3.2 km downstream beyond TRM 561.8 (34) (Figure 1 ). The ash was distributed in the river either by the large force of the initial spill flow, the hydrodynamics of the power plant's water intake changing direction of river flow near the confluence of the Emory and Note that the low typical river discharges in the summer were associated with higher As concentrations in the downstream river water. Also note the timing of the spill event (black square) and dredging activities (arrow).
Clinch Rivers, and subsequent storm events (35) . The spill region (ERM 3.0 to ERM 1.5) was characterized by deep deposits of ash, which formed the matrix for bottom sediment in this stretch of the river. Since the initial spill event, the ash has been washed further downstream, mixed with native sediment, and buried by fresh deposits of native sediments. Pore waters extracted from buried ash and native river sediment mixtures were found to have neutral-pH (a range of 6.6-7.4) and high concentrations of B, Sr, Ba, and As relative to the upstream surface and pore waters ( Table 1 ). The As concentrations (up to 2011 µg/L; mean ) 323.8 ( 494 µg/L) far exceeded the EPA's arsenic MCL (10 µg/L) and CCC (150 µg/L) for aquatic life. In contrast, concentrations of Se, Pb, Cr, and U in the pore waters were low (Table 1) .
The data show that pore water extracted from deep coring (sediment depth of 0-100 cm and 100-175 cm) had significantly higher LCACs concentrations relative to shallow pore water (depth of 25 cm) of the same sites (ERM 2 and CRM 4), suggesting that the deep pore water was a better representation of the internal sediment process, while the shallow pore water was likely affected by dilution from the overlying river water and/or oxidation during sampling. Nonetheless, high LCAC levels were also observed in the shallow pore waters (Table 1) . Boron and strontium have been identified as good indicators for CCR leachates (2) (36-38), which is also confirmed by the leaching experiments performed in this study. A similar range of B/Sr ratios were also observed in the artificial leaching experiments (0.55 to 0.85 at neutral pH), the surface water region of limited water exchange (the Cove; 0.46-1:00), and pore water (0.5-1.5). In contrast, the Se/As ratios show large variations, particularly for porewater with Se/As ratios (2 × 10 -5 to 0.10) lower than those of the Cove (0.01-0.53) and experimental leachates at neutral pH (∼0.4) (Figures 3 and 5) . Furthermore, As was enriched in the pore waters (As/B ratios ) 0.1 to 2.1) relative to the Cove waters (0.02-0.22) and neutral-pH leachates (∼0.6) (Figure 3) . In sum, we show that surface water from the Cove area had higher Se concentrations and Se/As ratios relative to the pore water, while the pore water had significantly higher As concentrations for similar B or Sr concentrations (i.e., higher As/B ratios; Figure 5) .
Control of pH, Redox State, And Ash/Water Ratio on Contaminants' Mobilization. The sampling procedure of the pore water involved an exposure of the sediments and pore waters to the atmosphere. Thus, direct measurements of the redox state (e.g., redox potential and dissolved oxygen) of the pore water were not possible. However, we use the following observations to postulate that the river bottom sediments had some degree of a reducing state: (1) sulfate contents in the pore water (normalized to chloride; Figure  6 ) were significantly lower than that of the Cove water, suggesting the occurrence of sulfate reduction processes in the pore water; (2) the presence of acid volatile sulfide in the river sediments from which pore waters were extracted (0.01-0.9 µmol/g); (3) high concentrations of manganese and iron in pore waters relative to downstream river water (Table 1) ; and (4) direct measurement of the reduced form of arsenic (As III ) in the pore water ( Figure 6 ). Numerous studies have determined that the predominant species of arsenic and selenium in CCRs are the oxidized form arsenate (As V ) and the reduced form selenite (Se IV ), respectively (39) (40) (41) (42) . Based on the neutral-pH (6.6-7.4) and arsenic speciation measurements (Figure 6 ), we deduced that the uncharged H 3 AsO 3 0 species was the predominant species in the pore water. While the overall higher concentrations of As, B, and Sr in the pore water relative to the Cove water could reflect higher ash/water ratios, the differential enrichment of As in the pore water relative to the Cove water ( Figures  3 and 5) could be due to the combination of (1) reductive dissolution of hydrous ferric oxides (HFO) and Mn-oxides (as evidenced by the high Mn and Fe contents in the pore water; Table 1 ) that could further release adsorbed As; and (2) decreased sorption of the uncharged H 3 AsO 3 0 species (compared to As V ) to the host sediments, including oxides, and sulfides (43, 44) . Furthermore, we show that the relative As enrichment (i.e., an increase in As/B ratios) is associated with sulfate depletion in the pore water (lower SO 4 /Cl ratios; Figure 6 ), which suggests that the reducing conditions were sufficient to mobilize As but not as advanced to the stage for precipitation of arsenic sulfides (25, 45) .
Conversely, the reduced Se species (Se IV ) that was leached from CCRs was apparently preserved in the reducing conditions of the bottom sediments. Given the near neutral-pH of the pore water, we hypothesize that the predominant selenium species was HSeO 3 -, which is known to have a strong sorption affinity for both HFO (43, 46) and clay minerals (47) that would result in lower Se concentrations in the pore waters. In oxidizing conditions, similar to the conditions in the restricted tributary (the Cove), Se IV that is leached from CCRs could be oxidized to Se VI , which is less reactive toward sorption (43, 46) . Therefore oxidation of selenium could result in relatively higher Se concentrations in surface waters; however, the kinetics of this transformation is rather slow (48) . The apparent reduction of sulfate ( Figure  6 ) is also associated with higher Ba/B ratios in the pore water relative to the Cove surface water (Figure 5 ), thus suggesting higher Ba mobility in the pore water. One explanation for this enrichment could be the saturation state (SI) of the mineral Barite (BaSO 4 ), which would be significantly lower in the low-sulfate pore waters (SI Barite ) 2.9) relative to highsulfate surface waters of the Cove (SI Barite ) 3.5).
The low Se/As and high As/B and Ba/B ratios of the pore waters were distinctively different from those of the background upstream river water, whereas the downstream river samples had intermediate values ( Figure 5 ). This apparent mixing relationship may indicate that the concentration of these elements in the downstream river water was not derived primarily from in situ interaction with suspended ash in the river but rather from subsurface LCAC-rich solutions that emerged from the river bottom. The level of LCAC concentrations in the river water depended therefore on the mass-balance between upstream river water and subsurface solutions rather than leaching from suspended ash in the river. A mass-balance calculation indicates that an increase from a background As concentration of 1 µg/L to a "contaminated" value of 5 µg/L in the downstream river would result from a contribution of only 0.2% of pore water with As concentration of 2000 µg/L into the overlying river water column. The association of high As concentrations in the downstream river during summer sampling (Figures 4) could be the result of lower flow rates in the summer ( Figure 2 ) and a higher contribution of the subsurface and LCACs-rich solutions. This conclusion is consistent with 
17.6)
The Cove (n ) our leaching experiments (Figure 3 ) that show negligible As concentrations in effluents containing TVA ash in an amount that is equivalent to the typical TSS values in the Clinch and Emory Rivers (32, 33) . Implications for Tracing and Prediction of CCR Contaminants. The data presented in this study indicate that the massive remediation efforts of TVA by dredging and removing over two million cubic meters of coal ash from the Emory and Clinch Rivers had only a minor effect on the river surface water quality because of the large dilution and the low ash/water ratios, as demonstrated in our leaching experiments ( Figure 3 ). Our data show that buried TVA ash that accumulated within the river bottom sediments with limited exchange with the surface river flow is highly reactive and generated high levels of dissolved As, B, Sr, and Ba in the associated pore waters. While the presence of these elements in high concentrations in the pore water presents a potential direct threat to infaunal species that live in the subsurface, particularly due to the high toxicity of the As III species (9, 49) , the abundance of these tracers in pore waters might be used to assess the distribution and extent of buried ash in different locations downstream of the spill area in Kingston, TN.
The results of this study indicate that CCR leaching would be expected to vary for different conditions, particularly ash/ water ratio, pH, and redox conditions. Oxygenated surface waters in contact with coal ash are expected to be enriched in many LCACs, including As and Se, whereas reducing subsurface waters (groundwater and pore waters in landfills and river sediments) are expected to be more enriched in As and depleted in Se. In contrast, the redox conditions have no apparent impact on the differential mobilization of B and Sr, which makes those elements good tracers for CCR leaching to aquatic systems. Effects of pH vary depending on whether the predominant form of an element in natural waters is an oxyanion or hydrated cation; elements such as B, As, and Se that occur as oxyanions exhibit higher solubility, and thus greater leachability under low and high pH conditions, while the solubility of most cationic species (e.g., Ca and Sr) decreases with increasing pH. The EPA Toxicity Characteristic Leaching Procedure (TCLP) (50) , which is used to determine whether a material must be regulated as a hazardous waste, only considers leaching in weakly acidic conditions (pH ∼ 4), and does not consider leaching of contaminants under a wide range of pH conditions (29, 30) , nor possible anaerobic conditions. In the case of coal ash waste, our results indicate that the TCLP test would greatly underestimate leachate concentrations of As for anaerobic disposal conditions, thus would underestimate the potential impact of coal ash leachate in many situations. Future studies should focus on evaluating the potential ecological ramifications, particularly for infaunal species that would be exposed to As III in the shallow pore waters. Finally, future prognoses of the potential environmental hazards of CCRs and possible migration and fate of ash contaminants in water resources should take into account the results of investigations of the TVA coal ash spill in Kingston, TN. tance in sampling. We would also like to thank A. Freitag, A. Nunnery, B. R. Merola, and H. Freedman for their assistance in the field.
Supporting Information Available
Description of the analytical techniques, details on coal ash leaching experiments, and detailed chemical results. This material is available free of charge via the Internet at http:// pubs.acs.org. FIGURE 6. As III versus total As measurements in pore water samples from the spill site in Kingston, TN (right) and As/B versus SO 4 / Cl ratios in pore water (black squares) and Cove water (red circles; left). Note that As species in most of the pore water is dominated by the reduced As III species and that As enrichment is associated with sulfate depletion in the pore water relative to the Cove water.
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